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A f i n i t e  element G a l e r k i n  f o r m u l a t i o n  has been developed t o  
s tudy  e l e c t r o m a g n e t i c  p ropaga t ion  I n  complex two-d imens iona l  
a b s o r b i n g  d u c t s .  The r e f l e c t i o n  and t r a n s m i s s i o n  a t  e n t r a n c e  and 
e x i t  boundar ies  a r e  de termined by c o u p l i n g  t h e  f i n i t e  element 
s o l u t i o n s  a t  t h e  en t rance  and e x i t  t o  t h e  e i g e n f u n c t i o n s  of an 
i n f i n i t e  u n i f o r m  p e r f e c t  conduc t ing  d u c t .  Example s o l u t i o n s  a r e  
p resen ted  f o r  e l e c t r o m a g n e t i c  p r o p a g a t i o n  w i t h  a b s o r b i n g  d u c t  
w a l l s  and p r o p a g a t i o n  th rough  d i e l e c t r i c - m e t a l l i c  m a t r i x  
m a t e r i a l s .  
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For i n l e t s  and exhaust ducts o f  j e t  eng ines ,  t h e  s t r u c t u r a l  
d e s i g n  and m a t e r i a l s  a r e  u s u a l l y  de te rm ined  by aerodynamic, t h e r -  
modynamic, and s t r u c t u r a l  requ i rements .  I n  r e c e n t  m i l i t a r y  
a p p l i c a t i o n s ;  however, e lec t romagne t i c  c o n s t r a i n t s  have begun t o  
p l a y  a ma jo r  r o l e  i n  de te rm in ing  t h e  s t r u c t u r a l  c o m p o s i t i o n  and 
g e o m e t r i c a l  c o n f i g u r a t i o n s  o f  i n l e t  n a c e l l e s  and exhaust  d u c t s .  
C l e a r l y ,  t h e  aerodynamic and e l e c t r o m a g n e t i c  d i s c i p l i n e s  must 
i n t e r a c t  i n  an e f f e c t i v e  manner t o  p roduce an e f f i c i e n t  p r o p u l  
s i o n  system. 

The NASA Lewis g r a n t  program i n  e l e c t r o m a g n e t i c s  ( R e f s .  1 
and 2 )  has been concerned w i t h  a b a s i c  unders tand ing  of e l e c t r o  
magnet ic p r o p a g a t i o n  i n  i n t e r n a l  p r o p u l s i o n  systems. F o l l o w i n g  
t h e  same theme, t h e  p r e s e n t  paper p r e s e n t s  a f i n i t e  element 
a n a l y s i s  p o t e n t i a l l y  capab le  of  e v a l u a t i n g  t h e  e l e c t r o m a g n e t i c  
a b s o r p t i o n  and s c a t t e r i n g  p r o p e r t i e s  of j e t  eng ines  composed o f  
complex s t r u c t u r a l  geomet r ies  and compos i te  m a t e r i a l s .  

M t l H O D  OF ANALYSIS 

The p r o p a g a t i o n  o f  e lec t romagne t i c  waves a r e  s t u d i e d  i n  t h e  
two-d imens iona l  ( y ,  z)  f i n i t e  element ne twork  shown i n  F i g .  1 .  
l h i s  c o n f i g u r a t i o n  i s  i d e a l  for mode l i ng  t h e  g r a z i n g  a b s o r p t i o n  
by w a l l  m a t e r i a l s  o r  d i r e c t  p e n e t r a t i o n  th rough  m a t e r i a l 5  i n s i d e  
t h e  d u c t .  The c a l c u l a t i o n  domain i s  composed o f  u n i f o r m  i n f i -  
n i t e l y  l o n g  en t rance  and e x i t  reg ions  w i t h  p e r f e c t l y  c o n d u c t i n g  
w a l l s  and t h e  c e n t r a l ,  v a r i a b l e  p r o p e r t y ,  nonun i fo rm r e g i o n .  



I n  the a b s o r b i n g  v a r i a b l e  p r o p e r t y  r e g i o n  o f  F i g .  1 ,  the  
f i n i t e  element a n a l y s i s  i s  employed t o  de te rm ine  the  f i e l d  v a r  
i a b l e .  Fo r  harmonic wave p r o p a g a t i o n  i n  v a r i a b l e  p r o p e r t y  mate 
r i a l s ,  Maxwe l l ' s  equa t ions  can be combined t o  y i e l d  a wave 
e q u a t i o n  o f  t h e  f o r m  

where H r e p r e s e n t s  t h e  magnet ic  f i e l d ,  c t h e  complex p e r -  
m i t t i v i t y ,  p t h e  p e r m e a b i l i t y  and w t h e  wave f requency .  For 
TM ( t r a n s v e r s e  magnet ic )  wave p r o p a g a t i o n  i n  t h e  t w o - d i m e n s i o n a l  
geometry of F i g .  1, Eq. ( 1 )  reduces t o  
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The boundary c o n d i t i o n s  a s s o c i a t e d  w i t h  €q. ( 2 )  r e q u i r e  
s e t t i n g  the normal g r a d i e n t  o f  Hx  t o  zero  a t  t h e  p e r f e c t l y  
conduc t ing  o u t e r  w a l l s  and ma tch ing  t h e  f i n i t e  element s o l u t i o n s  
a t  t h e  en t rance and e x i t  p lanes  o f  t h e  n o n u n i f o r m i t y  t o  the  w e l l -  
known a n a l y t i c a l  e i g e n f u n c t i o n  expansions i n  t h e  u n i f o r m  \ n l e t  and 
o u t l e t  duc ts .  1-his p e r m i t s  a m u l t i m o d a l  r e p r e s e n t a t i o n  a c c o u n t i n g  
f o r  r e f l e c t i o n  and t r a n s m i s s i o n  a t  t h e  d u c t s  i n l e t  and o u t l e t .  

Equat ion  ( 2 )  and t h e  a p p r o p r i a t e  boundary c o n d i t i o n r  have 
been so lved by F i n i t e  Element l h e o r y  u s i n g  t h e  Method o f  Weighted 
Res idua ls .  D e t a i l s  o f  t h e  s o l u t i o n  procedure  can be fourid i n  
Hef .  3. 

RESULlS AND COMPARISONS 

For theo ry  and code v a l i d a t i o n ,  t he  f i n i t e  element s o l u t i o n  
i s  f i r s t  a p p l i e d  t o  a case where an e x a c t  s o l u t i o n  e x i t s .  Nex t ,  
t h e  f i n i t e  element s o l u t i o n  w i l l  be a p p l i e d  t o  problems w i t h  
g r a z i n g  a b s o r p t i o n  and normal i n c i d e n c e  on compos i te  m a t e r i a l s .  
The r e s u l t s  a r e  expressed i n  terms o f  nond imens iona l  q u a n t i t i e s .  
The a x i a l  c o o r d i n a t e s  have been sca led  by t h e  duct '  h e i g h t ,  t h e  
p e r m i t t l v i t y  and p e r m e a b i l i t y  by t h e  f r e e  space va lues  and the  
f requency  by t h e  d u c t  h e i g h t  and t h e  speed of l i g h t .  A l so ,  j 
rep resen ts  t h e  square r o o t  o f  - 1 .  

Example 1 - R e f l e c t i o n  and l r a n s m i s s i o n  w i t h  Normal I n c i d e n c e  

l h e  f i r s t  case c o n s i d e r s  a s t e p  change i n  d imens ion less  p e r  
m i t t i v i t y  f rom 1 t o  4 a t  t h e  d imens ion less  a x i a l  p o s i t i o n  o f  z 
equa ls  0 .25  i n s i d e  t h e  f i n i t e  element g r i d .  A s  shown i n  F i g .  7,  
f o r  an i n c i d e n t  p l a n e  wave of d imens ion less  f requency  %n, the  
f i n i t e  element and e x a c t  a n a l y t l c a l  t h e o r i e s  a r e  i n  good agreement 
f o r  t h e  abso lu te  magnitude o f  t h e  magnet ic  i n t e n s i t y  H x .  Hef- 
erence 3 c o n t a i n s  a d d i t i o n a l  v a l i d a t i o n  examples. 

b 

Example 2 - Graz ing  Wa l l  A b s o r p t i o n  

F lgu re  3 shows a c o n f i g u r a t i o n  w i t h  w a l l  abso rbe rs  p l a c e d  a t  
t h e  bo t tom and t o p  of t h e  d u c t  f o r  m a t e r i a l s  w i t h  a d imen5 ion le5s  
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p e r m e a b i l i t y  o f  4.1 and p e r m i t t i v i t y  o f  l . - j 2 . 8 3 .  Again For an 
i n c i d e n t  p l a n e  wave o f  d imens ion less  f requency  2n, t h e  a b s o l u t e  
magnitude o f  t h e  magnet ic  f i e l d  i s  d i s p l a y e d  i n  t h e  d u c t .  A f i v e  
mode expans ion  i n  t h e  en t rance  and e x i t  d u c t s  was s u f f i c i e n t  t o  
o b t a i n  convergence. A s  seen i n  F i g .  3 ,  t h e  magnet ic  f i e l d  has 
decreased t o  near ze ro  a l  t h e  w a l l s  b u t  remains r e l a t i v e l y  h i g h  
i n  t h e  c e n t e r  o f  t h e  d u c t .  

Example 3 Mic roscop ic  A b s o r p t i o n  and R e f l e c t i o n  

l h e  p r e v i o u s  two examples employed t h e  macroscop ic  p r o p e r t i e s  
o f  p and E .  However, many advanced c o a t i n g  m a t e r i a l  and 
s t r u c t u r e s  employ sma l l  f e r r i t e  p a r t i c l e s  f o r  a b s o r p t i o n  o r  s l e n -  
d e r  m e t a l l i c  rods  f o r  s t r u c t u r a l  s t r e n g t h .  I n  these  case r ,  aver  
age va lues  o f  p and E a r e  d i f f i c u l t  t o  e s t i m a t e .  However, 
w i t h  t h e  l a r g e  s t o r a g e  c a p a c i t y  o f  the modern computer,  s m a l l  t e s t  
samples o f  t h e  d e t a l l e d  m a t e r i a l  s t r u c t u r e  can now be modeled on 
t h e  computer. F i g u r e  4 ( a )  d i s p l a y s  a sample w i t h  two sma l l  i r o n  
squares 0.0005 i n .  a l o n g  a s i d e  embedded i n  an epoxy o f  dimen- 
s i o n l e s s  t = 2.0 - jO.001 and p = 1 . 0 .  For an i n c i d e n t  p l a n e  
wave o f  9 GHz, t h e  magnet ic f i e l d  l i n e s  a r e  shown i n  F i g .  4 ( b ) .  
I n  t h i s  case, comparison o f  t he  i n p u t  p l a n e  wave t o  t h e  r e f l e c t e d  
modes a t  t h e  e n t r a n c e  i n d i c a t e  t h a t  53.3  p e r c e n t  o f  t h e  incoming 
energy was r e f l e c t e d  back down the d u c t .  W i t h o u t  t h e  i r o n  rods ,  
t h e  r e f l e c t e d  energy due t o  t h e  base m a t e r i a l  was n e g l i g i b l e .  
This example i l l u s t r a t e s  how hidden i n t e r n a l  m e t a l l i c  s t r u c t u r a l  
m a t e r i a l  c 

l h e  f 
p rob lem o f  
p r o p e r t i e s  
t l v e l y  s l m  
For  h i g h e r  

n s i g n i f i c a n t l y  e f f e c t  r e f l e c t i o n  c o e f f i c i e n t s .  

CONCLUDING I{€MARKS 

n i t e  element method has been developed t o  hand le  the  
e l e c t r o m a g n e t i c  p ropaga t ion  i n  a d u c t  w i t h  v a r y i n g  w a l l  
and geomet r ies .  The numer i ca l  f o r m u l a t i o n  i s  r e l a  
l e  t o  use and appears t o  g i v e  v e r y  a c c u r a t e  r t r u l t s .  
f r e a u e n c i e s  many wave l e n q t h s  w i l l  e x i s t  i n  t h e  d u c t  

r e q u i r i n g  a l a r g e  number o f  elements: 
c a p a b i l i t y  o f  t h e  modern computer, t h e  r e s t r i c t i o n  does r iot  
r e p r e s e n t  a severe  l l m i t a t i o n  o f  t h e  method. 

W i t h  t h e  expanded memory 
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(6) MAGNETIC FIELD CONTOURS. 

FIGURE ‘4.- MAGNETIC F I E L D  CONTOURS FOR A PLANE 9 GHZ WAVE IMPINGING 
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6 Abstract 
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